The impact of random dopant fluctuation (RDF) on n-type Ge junctionless FinFETs (JLFETs) with metal-interlayer-semiconductor (MIS) source/drain (S/D) contact structure is firstly investigated via 3-D technology computer aided design (TCAD) simulations. The estimation and evaluation of standard deviations in threshold voltage (V th ), on-state current (I on ), off-state current (I off ), subthreshold swing (SS), and drain induced barrier lowering (DIBL) by different Ge nanowire doping concentrations and different heights for RDF effects are performed. The results show a decreasing trend of RDF with lower doping concentration of the device. Furthermore, the influence of MIS S/D on RDF of n-type Ge JLFET is assessed through a comparative analysis between an n-type Ge JLFETs with and without MIS S/D structure. The analysis results estimate that MIS S/D can reduce performance variation to approximately 0.0237 V for σ V th , 5.75 × 10 −5 A/um for σ I on , 4.30 × 10 −10 A/um for σ I off , 0.548 mV/dec for σ SS, and 12.3 mV/V for DIBL, without severe performance degradation of the current nominal values. This estimation gives a significant insight on variability prediction of the 7 nm n-type Ge JLFET device with MIS S/D structure.
I. INTRODUCTION
Junctionless field effect transistors (JLFETs) contain the same concentration of a single doping species across the semiconductor region, have been proposed as one of promising alternatives over conventional fin field-effect transistors (FinFET), which are more complicated to process and costlier to manufacture [1] , [4] . Moreover, it is expected that the JLFETs can maintain scaling down of complementary metal-oxide-semiconductor (CMOS) technology owing to restrained short channel effects (SCEs) by increased effective channel length [1] - [8] . In addition, to improve device characteristics like on-state current, adopting new channel materials as a favorable technique, for instance, in the case of non-silicon (non-Si)-based JLFETs, is being considered as of late [2] - [5] , [9] . Germanium (Ge) is a feasible candidate, as it is known for its higher mobility and slightly better performance compared to Si when used in JLFETs [10] . Nevertheless, in turn triggers high Schottky barrier, occurring as a very large hole off-state current [11] , [15] , [16] . For this reason, the MS structure critically disturbs the n-type Ge JLFETs operating in enhancement-mode. Therefore, FLP should be considered in evaluating the realistic performance of n-type Ge JLFETs.
To overcome FLP phenomenon, the metal-interlayersemiconductor (MIS) S/D structure has been suggested [3] , [12] - [16] . This structure inserts an ultrathin interlayer between the metal and the semiconductor that decreases the density of MIGS, thereby, mitigating the FLP. Accordingly, with lower Schottky barrier, as shown in Fig. 2(b) , the n-type Ge JLFETs with MIS S/D structure is enable to operate for enhancement-mode [3] .
The electrical characteristics of JLFETs strongly depend on doping concentration and the dimension of semiconductor nanowires, so the sensitivity of their performance variation by random dopant fluctuation (RDF) is at a highly vulnerable position [6] - [9] . This calls as well for an imperative evaluation of this performance variability. In addition, as mentioned above, the effects of severe FLP on JLFET devices are worth considering during performance evaluation as the JLFET with and without MIS S/D structure shows big differences in current characteristics because of Schottky barrier and contact resistivity differences [3] . On this note, focusing on the variability evaluation of the new JLFET device which including MIS S/D is also important, finding proper range of channel doping concentration and demonstrating the impact of MIS S/D on variability.
In this study, performance variation by RDF of the n-type Ge JLFETs with MIS S/D structure is firstly demonstrated with 3-D technology computer aided design (TCAD) simulator. Next, we calculate the RDF standard deviation of the performance parameters, including threshold voltage (V th ), on-state current (I on ), off-state current (I off ), subthreshold swing (SS), and drain induced barrier lowering (DIBL) by different doping concentrations of Ge. Moreover, we calculate RDF effects by different device heights. Furthermore, the nominal values and RDF effects of n-Ge JLFET with and without MIS S/D are compared to evaluate the impact of MIS S/D when RDF is applied.
II. DEVICE DESIGN AND SIMULATION METHOD
Based on electrical device performance and physical properties of 7 nm high performance logic technology in logic trend section of 2015 ITRS specification, n-type Ge JLFET with MIS S/D structure is implemented in Sentaurus 3-D TCAD with the same simulation structure as our previous work [3] , [17] . Figure 1 shows a 3-D figure of the n-type Ge JLFET with the MIS S/D structure. The nanowire that maintains the doping concentration for all regions assumes fabrication from Ge on insulator (GOI). Table 1 shows the specific parameters of the device design. The Ge nanowire is set at default width and height of 6 nm and 12 nm, respectively, according to the ITRS specification. A 3 nmthick zinc oxide (ZnO) is used as the interlayer (IL) for the MIS structure to provide small contact resistivity corresponding to the low conduction band offset [14] . The ZnO TABLE 2. Channel doping concentrations and work functions used for the simulation of 7 nm n-type Ge JLFET.
FIGURE 3. 3-D figure of a Ge channel (a) without and (b) with, RDF effect. Insets show the 1-D plot of the Ge channel doping concentration by channel position along the transport direction.
IL is doped for 1 × 10 21 cm −3 doping concentration as it can provide lower contact resistivity due to the thinner effective tunneling thickness by band bending of heavily doped ZnO [13] . The gate dielectric oxide is made up of 2 nm-thick hafnium oxide (HfO 2 ), and the S/D metal used is titanium (Ti) due to the small difference between metal work function and Ge's electron affinity. For the device physics, models of Jain-Roulston bandgap narrowing, drift-diffusion, density gradient quantization to realize the quantum confinement at the channel of Ge substrate, transverse electric field dependent mobility, doping dependence mobility, high field saturation mobility, and Shockley-Read-Hall doping dependence were employed to demonstrate the carrier transport behavior, while the Wentzel-Kramer-Brillouin (WKB) non-local tunneling model which is basic tunneling probability model at contact was applied for tunneling probability approximation at the MIS S/D structure.
To our simulated n-type Ge JLFET with MIS S/D structure, RDF effects are incorporated to the device for variability estimation. For comparison of each variability condition, a total of 200 samples of randomized profile which was typically used in published results were created [20] . Table 2 shows the parameters used in the variability simulation. The doping concentration of Ge nanowire is set within 1 × 10 19 cm −3 to 3 × 10 19 cm −3 to observe the change of RDF process variation by different doping concentrations. Note that Ge doping concentrations below 3 × 10 19 cm −3 are required to meet the ITRS subthreshold swing target based on our previous work [6] . In case of the metal gate work function, it is calibrated to make the devices obtain off-state current of 1 nA/um; for this reason, 4.83, 4.93, and 5.03 eV are applied for each Ge doping concentration. Figure 3 shows the structure of the channel devices, including RDF effects. The Sano method was employed to generate randomized doping, considering the long-range coulomb potential of the number density associated with discrete dopant and the screening factor calculated with 2N 1/3 (N is impurity concentration) [18] . The polarization effect near the interface between dielectric and germanium was ignored [20] . The parameters V th , I on , I off , SS, and DIBL were compared for each condition.
III. RESULTS AND DISCUSSION

A. RDF EFFECTS OF N-TYPE GE JLFETS WITH MIS S/D STRUCTURE
The effects of RDFs on the device are evaluated through the generated 200 different randomized doping profile samples containing different Ge doping concentrations. Figure 4 shows the I d -V g curves of the simulations illustrating the RDF effects for a biased drain voltage of 0.7 V. The nominal values are extracted from the devices with different doping concentrations, with the same I off of nominal value (I off−nominal ) for 1 nA/μm, by modifying the gate metal work function to normalize the gate controllability of the devices near the off state. With lower Ge doping concentration, the simulated I D -V G profiles exhibits lower absolute variations as current values are more concentrated to nominal value. In general, the absolute value of RDF effects becomes severe with higher doping concentrations. In effect, not only conventional MOSFETs but also the n-type Ge JLFETs with MIS structure follows the tendency [14] .
Based on the data provided by Fig. 4 , we calculate the standard deviation (σ) of V th , I on , I off , SS, and DIBL corresponding to the Ge doping concentrations by RDF, as shown in Fig. 5 . General standard deviation (σ) calculation (the square root of the variance) is performed to quantify the amount of variation by RDF effect; σ increases with higher Ge doping concentration. Specifically, for a concentration of 1 × 10 19 cm −3 to 3 × 10 19 cm −3 , σV th is approximately 2.86 times higher for 0.0237-0.0677 V; σI on varies from 5.75 × 10 −5 A/um to 1.10 × 10 −5 A/um (approximately Among these values, the rate of change for σI off is much higher than for the other parameters.
The standard deviation of the performance parameter variation caused by the RDF effect is divided by their mean as shown in Table 3 . Conventionally, σ depicts the absolute performance variation value, which has the same unit as performance value; on the other hand, σ-to-mean (μ) ratio has percentage units useful in comparing the relative variability for different devices, as well as for different performance values. From the table, σ/μ of V th , I off , and SS increases with higher Ge doping concentration, sharing the same tendency for absolute values in Fig. 5 . In contrast, σ/μ of I on decreases with higher Ge doping concentration, which means that the increment of μI on is much higher than σI on . Moreover, the peak value of σDIBL appears in 2×10 19 cm −3 of Ge doping concentration. The difference in σI on /μI on and σDIBL/μDIBL between different concentrations is relatively smaller than for the other parameters; thus, the mentioned singularity of the values of σI on and σDIBL is not that significant when comparing variations for different Ge doping concentrations. Interestingly, for the same Ge doping concentration, σSS /μSS shows the minimum value, while σI off /μI off shows the maximum, implying extreme variability as compared to the other parameters. Figure 6 shows the σ values of V th , I on , I off , SS, and DIBL for fin heights of 9 nm to 18 nm. Note that, the variation for all fin heights increases with higher doping concentration, except for few points. Table 4 lists the σ/μ of RDF applied devices by fin height extracted from Fig. 6 . The gate metal work function is modulated to obtain 1 nA/um offstate current for Ge doping concentration. No performance parameters show any clear tendency with fin height. For instance, σV th in Fig. 6 (a) roughly decreases with increased fin height, but in Table 4 , σ/μ increases with higher fin for all Ge doping concentrations. Thus, the rate of μV th decrement due to poor gate controllability is much higher than σV th decrement for different heights. In contrast, in Fig. 6 (b) and (c), σI on and σI off relatively increases with higher fin but σ/μ shows the opposite tendency. Accordingly, for V th , I on , and I off these trends can change depending on whether the absolute variation or the relative variation is important. Furthermore, σSS and σDIBL in Fig. 6 (d) and (e), respectively, share a tendency of decrease with σ/μ for increased fin height. Meanwhile, for the same Ge doping concentration and height, σI off /μI off has the highest value among the others, as in Table 4 . Moreover, the 12 nm fin height gives lowest variation for σI off , σI off /μI off , σV th , σV th /μV th , σSS, and σSS/μSS in 1 × 10 19 cm −3 and 2 × 10 19 cm −3 Ge doping concentrations. For 3 × 10 19 cm −3 Ge doping concentration, the 18 nm fin height reflects minimum variation for I off , SS, and DIBL. 
B. IMPACT OF MIS S/D STRUCTURE ON RDF EFFECTS OF N-GE JLFET
To verify the impact of MIS S/D on RDF-induced variation, the RDF influence and performance of n-Ge JLFET with MIS S/D for 1 × 10 19 cm −3 Ge doping concentration are compared with the unpinned MS S/D for 3 × 10 19 cm −3 Ge doping concentration. For the n-Ge JLFET with MIS S/D structure, a doping concentration of 1 × 10 19 cm −3 is selected, which shows the σV th below 25 mV (Fig. 5) , the extracted value for our device dimension from Pelgrom plot of V th variation for industry's 14 nm technology node logic FinFET devices [19] . For the unpinned S/D structure, a Schottky barrier of 0.3 eV is employed to assume FLP alleviation. Figure 7 shows the nominal values of n-Ge JLFETs with unpinned MS S/D and MIS S/D. Comparing the performance of both devices, n-Ge JLFET with MIS S/D shows approximately 9.5% I on and 19% I off degradation, and nearly 1.2% SS and 20% DIBL enhancement relative to the device with unpinned MS S/D. These values are much lower than the current degradation rate of the device with unpinned MS S/D for 3 × 10 19 cm −3 and 1 × 10 19 cm −3 Ge doping concentration: approximately 34.2% I on and 97.9% I off degradation (not shown for brevity). Therefore, using MIS S/D structure on n-Ge JLFET contributes to much lower current degradation.
Furthermore, as shown in Fig. 5 , decreasing Ge doping concentration can restrain the RDF performance variation of n-Ge JLFETs, but severe current degradation by doping dependent mobility could occur [14] . However, decreasing Ge doping concentration makes hard to maintain on-state current as the device acts as a rectangular cuboid resistor and the carriers uniformly flow in the entire area of the fin in on-state [3] , [8] . However, a MIS S/D would enable the n-Ge JLFET to maintain an on-state current, with performance almost similar to that of n-Ge JLFET with unpinned MS S/D, due to its lower contact resistivity, as described in our previous work [3] . The results in Fig. 7 show that using MIS S/D, instead of the unpinned MS S/D, could effectively reduce the Ge doping concentration with restrained I on , I off degradation and SS, DIBL enhancement. Besides low performance degradation, n-Ge JLFET with MIS S/D structure shows reduced performance variations. To recall with Fig. 3(a) , the 3 × 10 19 cm −3 Ge doped n-Ge JLFET with unpinned MS S/D shows estimated RDF standard deviations of 0.0555 V for σV th , 9.86 × 10 −5 A/um for σI on , 2.62 × 10 −8 A/um for σI off , 1.43 mV/dec for σSS, and 33.4 mV/V for σDIBL. On the other hand, using the MIS S/D structure for the 1 × 10 19 cm −3 Ge doping concentration produced approximate variations of 0.0237 V for σV th (reduced by nearly 57.3%), 5.75 × 10 −5 A/um for σI on (reduced by roughly 41.6%), 4.30 × 10 −10 A/um for σI off (reduced by approximately 98.4%), 0.548 mV/dec for σSS (reduced by almost 61.7%), and ∼12.3 mV/V for σDIBL (reduced by almost 63.2%) in table 5. As a result, the MIS S/D structure effectively lowered the RDF effects.
IV. CONCLUSION
The impact of RDFs on n-type Ge JLFETs with MIS S/D structure is firstly investigated through 3D TCAD. For the RDF process, σ and σ/μ for V th , I on , I off , SS, and DIBL at different doping concentrations are calculated. When RDF is applied, σ and σ/μ for all performance parameters, except for σI on /μI on , increased with increasing Ge doping concentration. Specifically, for the same doping concentration, σI off /μI off shows the maximum variability, while σSS/μSS showed the minimum. When RDF is compared by varying fin heights, σ and σ/μ ratio of V th show an increasing tendency with higher fin, while those of I off , SS, and DIBL share an opposite tendency; nevertheless, no clear pattern is observed with fin height for all parameters. Furthermore, a Ge doping concentration below 1 × 10 19 cm −3 is recommended as compared to the Pelgrom plot of industry's logic FinFET devices in terms of V th variation.
Additionally, the impact of MIS S/D on RDF of n-Ge JLFET at 1 × 10 19 cm −3 Ge doping concentration is evaluated against MS S/D for 3 × 10 19 cm −3 Ge doping concentration. As a result, compared to MS S/D, MIS S/D can reduce performance variation by 57.3% for σV th , 41.6% for σI on , 98.4% for σI off , 61.7% for σSS, and 63.2% for DIBL without severe performance degradation of current values, and with enhanced SS and DIBL. This confirms that MIS S/D structure has RDF immunity, aside from its capacity to enable n-Ge JLFET operation in enhancement-mode.
